Summary The role of carbon (C) and nitrogen (N) storage by trees will be discussed in terms of uncoupling their growth from resource acquisition. There are profound differences between the physiology of C and N storage. C storage acts as a short-term, temporary buffer when photosynthesis cannot meet current sink demand and remobilization is sink driven. However, the majority of C allocated to non-structural carbohydrates such as starch is not reused so is in fact sequestered, not stored. In contrast, N storage is seasonally programmed, closely linked to tree phenology and operates at temporal scales of months to years, with remobilization being source driven. We examine the ecological significance of N storage and remobilization in terms of regulating plant N use efficiency, allowing trees to uncouple seasonal growth from N uptake by roots and allowing recovery from disturbances such as browsing damage. We also briefly consider the importance of N storage and remobilization in regulating how trees will likely respond to rising atmospheric carbon dioxide concentrations. Most studies of N storage and remobilization have been restricted to small trees growing in a controlled environment where 15 N can be used easily as a tracer for mineral N. We highlight the need to describe and quantify these processes for adult trees in situ where most root N uptake occurs via ectomycorrhizal partners, an approach that now appears feasible for deciduous trees through quantification of the flux of remobilized N in their xylem. This opens new possibilities for studying interactions between N and C allocation in trees and associated mycorrhizal partners, which are likely to be crucial in regulating the response of trees to many aspects of global environmental change.
Introduction
Resource use by trees has often been considered using carbon (C) as a basic currency. Because C 3 photosynthesis is not CO 2 saturated at current atmospheric concentrations and C constitutes about half the dry mass of plants, physiologists have assumed that plant functioning can be considered in terms of the C 'cost'. The underlying assumption to this approach is that the ability of trees to assimilate and allocate C ultimately regulates their use of other resources and their growth. This C-centric view of tree physiology has tended to dominate our thinking of how trees will respond to aspects of global environmental change, such as rising atmospheric CO 2 levels (as discussed by Körner 2006) , temperature (e.g., Adams et al. 2009 ) or drought (e.g., McDowell et al. 2008) . However, this approach assumes that tree growth and functioning are limited by the availability of C. Is this assumption correct? Recent reviews by Körner (2003) and Millard et al. (2007) of a growing body of literature have questioned a C limitation of tree growth under current and future climate conditions. They have used evidence from a range of scales (from leaf biochemistry to ecosystem functioning) to argue that in fact trees are seldom, if ever, C limited. In contrast, it is often reported that tree growth is limited by nutrient availability, particularly nitrogen (N; e.g., Rennenberg et al. 2009 ) or phosphorous (P), in areas with high N deposition (Akselsson et al. 2008) or ancient forests growing on undisturbed sites (Wardle et al. 2004) . Trees accumulate large amounts of C as non-structural carbohydrates (NSC) and lipids (e.g., , Würth et al. 2005 ) and the processes regulating how such an abundant resource as C accumulates in trees are quite different from the seasonal allocation of a scarce resource such as N.
Tree growth can use N and C which are derived from several possible sources (Figure 1 ), broadly categorized as external or internal resources. External N can come from mineralization of soil organic matter (or fertilizers), microbial fixation of atmospheric N 2 , organic N transferred from mycorrhizal symbionts to tree roots or, in some ecosystems, atmospheric N deposition. External C comes primarily from assimilation of atmospheric CO 2 through photosynthesis. Internal resources are derived from storage through the physiological processes of remobilization and recycling (Figure 1 ). If a tree is replete with a particular resource, there can also be sequestration, which represents a metabolic dead-end, thereby precluding further use. This review first considers the differences in the physiological processes regulating N and C storage by trees and then discusses the ecological significance of N storage, along with attempts to quantify the contribution N remobilization makes to annual nutrient demand by the tree. First, it is necessary to define exactly what is meant by storage.
Definitions
Storage of resources by plants has been defined in several ways. Millard (1988) defined a concept of N storage by plants, considering N to be stored if it could be remobilized from one tissue for the growth or maintenance of another, while luxury consumption of N leads to accumulation (without further reuse). This definition was extended by Chapin et al. (1990) to consider plant C. They considered that there are three different types of C storage in plants: accumulation, as a consequence of supply exceeding demand for growth, maintenance or reproduction; reserve formation, directly competing with growth or defence, for example, seed production during masting events; and recycling as a consequence of metabolic turnover, for example, protein turnover during leaf senescence (Chapin et al. 1990) . Figure 1 builds on these definitions to provide a conceptual model of both N and C internal cycling in trees. There can be uptake of N or C directly into storage, sequestration or use in growth, reproduction or other metabolism, with losses via senescence and abscission of leaves and roots. The internal cycling of N and C occurs as seasonal remobilization from storage pools via translocation to other tissues for growth, reproduction or other metabolism. Recycling occurs when N or C is withdrawn from tissues (usually during senescence, prior to abscission) for storage. If an accumulated resource is immobilized in plant biomass and cannot be reused, it can then be considered to be sequestered. An example of this is arginine accumulation in the needles of coniferous trees in response to atmospheric N deposition. In this case, arginine cannot be reused or withdrawn from the needles (Näsholm 1994) , so the accumulation represents sequestration of N. Thus, it is necessary to demonstrate subsequent remobilization and reuse of N in order to be able to assess storage. These definitions are important because they emphasize the dynamic nature of storage. Build-up of NSC pools in trees represents accumulation (but not necessarily storage) of C and is dependent upon the rate of current assimilation. For N, the ability for storage is not dependent upon the external supply, which only influences the amount of N stored. Instead, N storage and remobilization are closely linked to phenological events in annual growth cycles, with N requirements for growth, maintenance and defence being met by either (i) remobilization of N from storage or (ii) direct root uptake of external N. The balance between the two determines both the rate of N losses and the N use efficiency (NUE) of a tree and thereby contributes to its fitness in N-poor environments. Therefore, there are profound differences in the physiology of C and N use by trees (Table 1) , which question whether the same strategies of storage and remobilization apply to both. Exchange of resources between external sources and internal pools in the tree are shown as dotted lines: for uptake directly into storage, sequestration or use in growth, reproduction or other metabolism; for losses via senescence and abscission of leaves and roots. Internal cycling of resources is shown in solid lines, as seasonal remobilization from storage pools via translocation to other tissues for growth, reproduction or other metabolism. Recycling occurs when resources are withdrawn from tissues (usually during senescence, prior to abscission) for storage.
Differences in the physiology of C and N storage
Sites and turnover of C and N storage pools C accumulates in trees as NSC pools during periods of canopy photosynthesis, which can be depleted during periods of rapid growth or when respiration exceeds photosynthesis. In deciduous trees, this means that NSC levels increase during summer (Sauter and van Cleve 1994) and are often at a maximum in late summer/autumn and a minimum in late spring (e.g., , Spann et al. 2008 . In evergreen trees, NSC pools are replete in spring before bud break and lowest in late summer . The NSC accumulate throughout the plant (e.g., , Würth et al. 2005 , Palacio et al. 2008 , Spann et al. 2008 , including in leaves, stems, trunk wood and coarse and fine roots.
N is stored in trees in a wide range of different vegetative storage proteins, such as bark storage proteins (BSP) (Cooke and Weih 2005) . In addition, a range of metabolically active proteins, such as RuBisCo, can serve as N storage pools (Millard et al. 2007 ). The sites of N storage by trees are, however, restricted to specific organs within an individual species, dependent upon leaf habit (Table 2) . Deciduous species tend to store N in the wood and bark of roots or the trunk, while evergreen species store N in the youngest age class of foliage, although there are some exceptions to this (e.g., Northofagus fusca storing N in the roots; Table 2 ). In contrast to NSC pools, N is never stored throughout the whole tree and, during periods of N remobilization, all of the N storage pools turn over. This is seen, for example, by the disappearance of BSP from the branches (Tian et al. 2003) , trunk (Cooke and Weih 2005) or roots (Langheinrich and Tischner 1991) of deciduous species by the summer or the selective loss of RuBisCo from senescing leaves (Millard and Thomson 1989) . In coniferous evergreen trees, N is stored mainly in the youngest age class of needle (e.g., Nambiar and Fife 1987 , Millard and Proe 1992 ). Much of this N is stored in photosynthetic proteins, especially RuBisCo as shown by a specific decrease in needle RuBisCo content during spring flushing (Camm 1993) , while in autumn, an amount of RuBisCo far in excess of that required for photosynthesis can be synthesized (Millard et al. 2007 ). This implies that there are two pools of RuBisCo in the needles, perhaps separated by their activation state (Manter et al. 2005) , with the inactive pool turning over during spring remobilization of N. N allocation to storage is programmed seasonally and is, therefore, intimately linked to tree phenology. The allocation of N to storage pools such as BSP is triggered by specific environmental cues, notably short days (Coleman et al. 1991) and also low temperature (van Cleve and Apel 1993) . For temperate trees, these are conditions experienced in autumn, when N uptake by roots can be rapid and contribute directly to storage, despite canopy senescence Thomson 1989, Millard and Proe 1991) , possibly explaining why BSP accumulation can also be triggered experimentally at other times of the year by providing high N levels to the plant Apel 1993, Zhu and Coleman 2001) . In contrast to seasonally programmed N storage, C allocation to NSC is a passive buffer and patterns of NSC turnover are relatively small and not, or only weakly, associated with reproductive phenology (Körner 2003) .
Source-versus sink-driven remobilization
Following on from these differences in N and C accumulation in trees, another difference between NSC and N storage pools is that remobilization of C is sink driven, while that of N is source driven. These differences are manifested by the extent of any seasonal remobilization of C from NSC being dependent on the sink strength imposed by new growth. Several lines of evidence support this. Seasonal fluctuations in the levels of NSC have been found in many species, especially in seedlings (e.g., Gansert and Sprick 1998) . C remobilization in deciduous trees has been demonstrated as an important process during bud burst (Maurel et al. 2004 ). There is a significant turnover of NSC pools from trunk wood (e.g., Spann et al. 2008 ) and branch sapwood (e.g., Spann et al. 2008 , Schädel et al. 2009 ) just before bud burst in deciduous, temperate trees, which can provide the majority of C used for early spring growth (Vizoso et al. 2008) . In boreal species with a short growing season, up to about 40% of the C used for new leaf growth can be provided by remobilization (Kagawa et al. 2006a) , which also contributes to early wood formation (Kagawa et al. 2006b ). C remobilization can also be important for recovery from winter embolism (Ameglio et al. 2004) , fire (Schutz et al. 2009 ) and herbivory over the timescale of a few months (Palacio et al. 2008) . Some tree species from Mediterranean ecosystems also remobilize C from NSC during periods of summer drought, although others do not (e.g., Sanz-Pérez et al. 2009 ). Experiments that have manipulated sink strength through N supply (Vizoso et al. 2008) or Continued defoliation and bud removal (e.g., Li et al. 2002) have shown that C remobilization from NSC is determined by the balance between current photosynthesis and sink strength for new growth. However, in each of the examples above, remobilization of C from NSC pools has been a temporary source of C because the rate of current assimilation was not sufficient to meet the sink demands for growth, with current assimilation the primary source of C used for growth. Therefore, while C can be remobilized from storage to support growth, this can be considered a consequence of a source-sink imbalance, rather than a seasonally programmed process. In contrast, N remobilization is seasonally programmed and depends upon the amount of N in store, not the amount of new growth or current rate of N uptake. This has been demonstrated in several studies for a range of species. First, bud removal to simulate winter browsing of species such as Betula pubescens leads subsequently to compensatory leaf growth, which Lehtilä et al. (2000) suggested was explained by the redistribution of a predetermined amount of resource to existing buds. This has been confirmed in studies that have used 15 N to quantify N remobilization and found that, if sink strength for growth is altered by removing dormant buds, then the amount of N subsequently remobilized per remaining bud is increased , Millett et al. 2005 . The second line of evidence comes from studies where N storage pools have been manipulated by contrasting N supplies between years. The amount of N remobilized in the second year was dependent upon N supply in the first year, but unaffected by N availability during the second in both deciduous (Millard and Neilsen 1989 , Millard and Proe 1991 , Millard 1993 , Cheng and Fuchigami 2002 and coniferous evergreen species (Millard and Proe 1993) , despite the second-year N supply affecting growth. Thus, N remobilization is source driven by the size of the storage pool, not the sink strength for growth.
Most C is sequestered, N is stored
There is now plenty of evidence to suggest that much of the NSC accumulating in trees represents sequestration, not storage. Trees accumulate large pools of NSC, enough to replace the entire canopy four times in temperate species or represent 8% of total forest biomass in a tropical forest (Würth et al. 2005) . Despite some seasonal variations in NSC levels, the pools are never fully depleted , Würth et al. 2005 , Spann et al. 2008 . Indeed, in his synthesis of a 10-year study of NSC pools in trees, Körner (2003) reported that there was not a single case where pools came even close to depletion during periods of high sink demand. Even when tree growth is constrained to a short season by temperature (e.g., at the tree line), accumulation of NSC suggests that C availability is not a limitation to growth . Tree NSC pools have also been shown to be unaffected by long-term browsing damage (Palacio et al. 2008 ). In addition, if the supply of photosynthate is cut, pools of NSC remain that cannot be utilized, as seen in roots, for example, following phloem girdling (Bhupinderpal-Singh et al. 2003) , or branches, following severe water stress (Bréda et al. 2006) or girdling and defoliation (Hoch 2005) . These studies of NSC pools suggest that, while trees store N (as shown by the disappearance of N storage pools after remobilization during flushing), the majority of C accumulating in their tissues as NSC is not reusable by the tree, so is in fact sequestered. This has been confirmed by studies that have considered both C and N remobilization and found spring growth determined mainly by reserve N, not carbohydrates (Cheng and Fuchigami 2002) .
The study of NSC accumulation in trees in relation to their growth and C allocation has become quite popular (e.g., Hoch and Körner 2003, Hoch et al. 2003, Würth et Grelet et al. 2001 a15 N applied the year before sampling, so only remobilization of N taken up the previous year quantified. b15 N applied the year of sampling, so remobilization of all N quantified. ND, not determined.
2008, Schädel et al. 2009 ). However, it is clear that measuring NSC pools cannot be used to quantify the C storage capacity of a tree because a sizeable but unknown proportion appears to be sequestered, not stored C. Given that tree growth is not C limited (Körner 2003 , Millard et al. 2007 , Palacio et al. 2008 , it is questionable how useful it is to understand the physiology of C allocation to NSC. In contrast, N storage and remobilization are important processes regulating the growth potential of a tree. We next consider the ecological significance of N storage and remobilization by trees.
Ecological significance of nitrogen storage and remobilization

Nitrogen use efficiency
The ability to store and remobilize N are considered key processes for the NUE of plants. Originally, Vitousek (1982) defined NUE as the 'amount of organic matter lost or permanently stored in the plant per unit of nutrient lost or permanently stored in the plant' as measured through above-ground litter returns. According to this definition, a partial index of NUE is the inverse of N concentration in the leaf litter. This allowed the comparison of NUE for several forest stands, relating them to the total amount of N lost in litterfall (Vitousek 1982) or mean annual rates of soil N mineralization (Birk and Vitousek 1986 ). These studies are based on the assumptions that N cycling reflects N availability for plant uptake and/or mineral N is the main source of soil N for tree growth. However, the assumption that mineral N represents the main source of soil N is now challenged, as the ability to access organic N has been shown for many species of plants, including trees (reviewed by Näsholm et al. 2008) . Ectomycorrhizal fungi have a capacity for mobilizing N and P from soil organic matter, which could satisfy a considerable proportion of the external N requirement of the tree (Read and Perez-Moreno 2003) , while potentially bypassing mineralization processes by free-living microbes (Talbot et al. 2008 ). In addition, Vitousek's approach does not account for below-ground losses of C and N, which might be substantial for both C, through rhizodeposition and transfer to symbiotic mycorrhizal fungi, and N, through root senescence because N resorption from senescing roots is generally negligible (e.g., Nambiar 1987 , Aerts 1990 ). Berendse and Aerts (1987) redefined NUE as the product of N productivity (A N , dry matter production per unit of N in the plant) and the mean residence time of N (MRT N ) in the plant. Berendse and Aerts (1987) also suggested that A N and MRT N would be inversely correlated because of trade-offs between traits leading to fast growth rates and those reducing N losses, restricting the variation in NUE between species. As a consequence, nutrient-rich habitats would be dominated by faster-growing species (with high A N ) with rapid nutrient turnover (short MRT N ), such as deciduous species. In contrast, in less-fertile systems, slower-growing species (with low A N ), which retained their nutrients (long MRT N ), such as evergreen species, would predominate. Such a tradeoff between A N and MRT N has been measured in some woodland ecosystems (e.g., Silla and Escudero 2004) . Of course, one advantage of conserving N within the plant in N-limited environments is to reduce competition with other individuals for external N acquisition and ultimately reduce availability of N to other species.
Following the work of Vitousek (1982) and Berendse and Aerts (1987) , NUE emerged as a core concept for the analysis of the relationship between C gain and the flux of N through plants and was used to try to explain the predominance of evergreen species in nutrient-poor habitats (e.g., Aerts 1995) . While it is a useful concept, NUE has C as the basic currency. This may have limited ecological relevance to forest ecosystems that are not C limited. Patterns of N storage and remobilization depend to a great extent upon leaf habit, with differences in sites of N storage between deciduous broadleaf, evergreen broadleaf and coniferous evergreen species for example (Table 2) . It is probably more important to understand these differences than to measure NUE in order to understand tree fitness for a particular environment. For example, an analysis of NUE and its underlying components suggests that NUE is maximized by synthesizing low-N leaves, most apparent in evergreen trees confined to nutrient-poor habitats (Aerts 1995) , which has in turn been interpreted as a limitation on plant growth rate due to low C assimilation rates (Aerts and Chapin 2000) . However, given the abundance of NSC in trees discussed above, it is more likely that N supply, rather than C assimilation rates, will limit their growth. Indeed, some evergreen species even have plasticity in leaf life span and pattern of N remobilization, shortening leaf life span in response to low soil fertility (Marty et al. 2009 ). This is counter to what would be predicted by an analysis of their NUE.
Uncoupling growth from N uptake
Tree growth in the spring often starts before N uptake from the soil by roots. As a result, initial leaf growth following bud burst utilizes remobilized N. The extent to which this occurs is demonstrated in Table 2 , which shows the proportion of N for new shoot growth remobilized from storage for a range of tree species having different leaf habits.
Experiments utilizing 15 N to quantify spring uptake of N by roots have shown that, for a range of species, N remobilization for above-ground growth in spring occurs before utilization of N taken up by roots. These include deciduous species, such as Malus domestica (Neilsen et al. 1997 , Guak et al. 2003 , Populus trichocharpa (Millard et al. 2006) , Prunus avium (Grassi et al. 2002) , Pryrus communis (Tagliavini et al. 1997 ) and Sorbus aucuparia ; marcescent/evergreen species, such as Nothofagus fusca (Stephens et al. 2001) ; and coniferous evergreens, such as Picea sitchensis (Millard and Proe 1993) . In these species, N remobilization can occur for typically 20-30 days before the roots become active for N uptake. In a few species (e.g., S. aucuparia), remobilization has completely finished before any root uptake of N occurs, even if trees are supplied with an adequate supply of mineral N in the soil. In contrast, other species have been shown to commence N uptake by their roots concomitantly with N remobilization. These include deciduous Jugulans nigra × regia (Frak et al. 2002) , Betula pendula ) and evergreen Pinus sylvestris . The majority of studies have used sapling trees growing in sand culture in pots and so representing small plants, with constrained roots of an uncertain mycorrhizal status and often unrealistic similarities between soil and air temperature. However, there are a few studies that have applied 15 N-labelled mineral fertilizer to larger, undisturbed trees growing in the field, such as Acer pesudoplatanus and P. sitchensis (Millard 1994) and P. avium (Millard et al. 2006) . While these studies were not quantitative because 15 N-labelled fertilizers were diluted with the native soil N, meaning that total N uptake by roots could not be measured, they do confirm the pattern of N remobilization occurring before rapid root uptake of N.
One reason for remobilization occurring before root uptake of N might be that air temperature rises faster in the spring than the soil warms. As a consequence, bud burst and flushing occurs while the soil has slow rates of N mineralization and so a low availability of mineral N. In this case, remobilization would be a mechanism for supplying N when root N uptake is limited. This would be important in relatively fertile systems where mineral N is the predominant form taken up by roots. However, as discussed above, in less-fertile boreal and temperate ecosystems, a considerable proportion of the N demand of the trees could be met by ectomycorrhizal fungi mobilizing N and from soil organic matter (Read and Perez-Moreno 2003) . In these systems, is N storage and remobilization a mechanism to uncouple growth from being reliant on the activity of mycorrhizal symbionts?
The extent to which N uptake by tree roots via ectomycorrhizal fungi occurs in spring, concomitant with N remobilization, is unknown. However, during spring and early summer, C allocation below ground is slower than later on in the summer/autumn. Evidence for this comes from several sources. First, 13 CO 2 pulse chase studies in a boreal forest have shown that C assimilated just after bud burst was allocated aboveground, with only 2-4% allocated to roots and their symbionts (Kagawa et al. 2006a ). In contrast, 1 month later, some 32-44% of current assimilates were allocated to roots. The second line of evidence comes from experiments in a 120-year-old Picea abies forest that used tree girdling to partition autotrophic soil respiration into autotrophic (R A ) and heterotrophic (R H ) components. While R H was relatively constant during the growing season, R A was initially a very small proportion of soil respiration (Högberg et al. 2009 ), suggesting that, at the start of the growing season, there was little below-ground allocation of C. There could be several reasons for little C allocation below ground in the spring. Cool soil temperatures might limit root growth and mycorrhizal activity, thereby reducing the C sink strength. Certainly, soil respiration is driven by temperature, but in their boreal system, Högberg et al. (2009) found a hysteresis in the relationship such that season, not just temperature, was an important driver. A mycocentric explanation for the lack of C allocation to roots in spring could be that the mycorrhizal fungi themselves are nutrient limited in spring and, therefore, are not engaging in reciprocal C/N transfer with their host tree. If this was the case, less C allocation below ground would stop the fungi from becoming 'cheaters', with N remobilization used as a transient alternative to fungal-derived N. The alternative phytocentric view would be that, in some species, bud burst provides such a strong C sink in the plant that, despite large NSC pools, there is insufficient C available for below-ground allocation and transfer to the fungi, so remobilization is a necessary temporary source of N until current assimilation builds up sufficient C to allow root activity and their N supply to commence. However, this latter scenario is unlikely because it would suggest that evergreen species (which retain a C assimilatory capacity throughout the year) would be less likely to rely upon N remobilization in spring than deciduous species. However, there is no evidence for this (Table 2) .
Recovery from disturbance
There is a wide range of disturbances that trees can experience. These include herbivory by animals, ranging in size from small insects to large mammals; occasional fire in many forest systems that are naturally fire regenerated; changeable weather patterns, including seasonal droughts in, for example, Mediterranean systems; and global environmental change, including rising atmospheric CO 2 levels and N deposition. The use a tree can make of stored N to support growth following a disturbance will depend on how vulnerable the store was to the disturbance itself. For example, the ability to store N in roots is important for some trees responding to either drought stress (Silla and Escudero 2006) or browsing damage by large herbivores because N stored in leaves is vulnerable to loss by leaf shedding or defoliation. Seasonal storage and remobilization of N also act as buffers against short-term fluctuations in N supply, caused, for example, by changeable weather patterns from year to year. In order to illustrate the ecophysiological importance of N storage and remobilization in recovering from a disturbance, we will briefly consider two specific examples: recovery from herbivory and how N storage by trees will likely respond to increasing atmospheric CO 2 levels.
Herbivory Browsing is an important factor inhibiting woodland regeneration in many parts of the world (Gill 2006) . One consequence of browsing during spring or summer is a decrease in leaf area resulting in a concomitant loss in C assimilation. Therefore, many studies have considered the consequences of herbivory on the C physiology of trees (e.g., Hoogesteger and Karlsson 1992, Honkanen et al. 1999 ) and it has been suggested several times that C limitation is the cause of reduced growth following browsing (e.g., Hoogesteger and Karlsson 1992, Crête and Doucet 1998) . However, other studies have suggested that trees subjected to long-term browsing were not C limited (Palacio et al. 2008) and that trees could even up-regulate C assimilation to compensate for losses due to herbivory (e.g., Dungan et al. 2007) .
The ability of different tree species for compensatory growth (and C assimilation) following defoliation depends upon several aspects of their physiology. The potential for compensatory growth depends on bud phenology and whether a tree has a fixed or indeterminate growth pattern. As a consequence, species with an indeterminate growth pattern and with buds capable of neoformed growth will have a greater potential capacity for compensatory growth than those with a fixed growth pattern , particularly if herbivory occurs during the spring or summer after flushing. However, the ability to remobilize N from storage is an important factor in allowing the tree to realize the growth potential determined by their bud phenology.
The C/nutrient balance hypothesis (Bryant et al. 1983 ) suggests that species growing on fertile sites will respond to herbivory by utilizing stored resources for compensatory growth, whereas slower-growing species or those adapted to less-fertile sites will instead protect their leaves by investing a greater proportion of their C in anti-herbivory defences. This is a somewhat C-centric view of how trees respond to herbivory. When tree growth is limited by the availability of N, they rely on storage and remobilization of N to meet their requirements for annual growth to a greater extent than when well supplied with nutrients (Table 2) . Long-lived, slow-growing evergreen species are commonly found in the most nutrient-poor sites and, because they store N in their foliage (Table 2) , their reserves are susceptible to loss by herbivory. In addition to protecting leaves per se, it is likely that anti-herbivory compounds serve primarily to protect the nutrients stored within them. In other words, protecting N resources is likely to be more important than maintaining a capacity for C assimilation.
Rising atmospheric CO 2 Another form of disturbance trees have to face is rapidly rising atmospheric CO 2 levels, which is having the effect of priming ecosystems with extra C. There is a large literature dealing with the response of trees and forests to elevated CO 2 . A key finding is that, when elevated CO 2 is provided experimentally, increases in NPP are found, although initial responses in above-ground growth decline through time (e.g., Körner 2006) . A progressive N limitation to growth under elevated CO 2 has been suggested as C and N are sequestered in woody biomass and soil organic matter (Johnson 2006) . Therefore, the ability to internally cycle N might be an important mechanism for trees to cope with rising CO 2 levels. N remobilization by deciduous trees appears to be unaffected by elevated CO 2 Flessa 2005, Vizoso et al. 2008 ). However, coniferous evergreen trees, which store N in RuBisCo, might be particularly susceptible to elevated CO 2 . In N-limited ecosystems, the key effect of the plants' response to elevated CO 2 is an increase in efficiency of N use for photosynthesis due to the increased carboxylation efficiency of RuBisCo (Drake et al. 1997 ). This in turn leads to a selective loss of RuBisCo enzyme under elevated CO 2 , increasing NUE (Long et al. 2004) , without necessarily a concomitant change in leaf C assimilation rate. In the medium term, if less investment in RuBisCo protein compromises the ability to store and internally cycle N (the limiting resource for growth), this would contribute to the 'progressive N limitation' under elevated CO 2 (e.g., Johnson 2006) . However, it is interesting that the acclimation of RuBisCo to elevated CO 2 in 1-year-old needles of pines was not found in the current-year needles (Tissue et al. 2001, Rogers and Ellsworth 2002) . As current needles are the main site of N storage in pines , this suggests that acclimation does not occur until after RuBisCo turnover to release N from storage from the youngest needles at the onset of spring growth. Acclimation would, therefore, not occur at the expense of N storage by the tree. Temperton et al. (2003) confirmed this by showing that elevated CO 2 had no effect on N remobilization by young P. sylvestris seedlings, although the consequences for larger trees are unknown.
From the above discussion, it is clear that N storage and remobilization are of considerable ecological and physiological significance to trees. We now turn to consider the quantification of N remobilization and its contribution to supply the N demand for growth each year. Table 2 shows the proportion of N for new shoot growth that was remobilized from storage (PN REM ) for a range of tree species having different leaf habits. The values reported come predominantly from experiments that have used 15 N to quantify N remobilization, the majority studying saplings growing in sand culture. Two different methods for quantifying N remobilization using 15 N have been utilized in these studies. The isotopes were either applied the year before sampling (so only quantifying remobilization of N taken up the previous year) or supplied to trees the same year as they were sampled (thereby allowing remobilization of N from all previous years to be quantified). A number of budget studies have also been included in Table 2 where the total N remobilization to annual growth was estimated.
Contribution of N storage and remobilization to annual growth
The range of values reported for PN REM is very variable (Table 2 ). This variability is due to many factors, including the age of the trees, the tree N status and the method used to quantify remobilization. Overall, there were no evident differences in PN REM between evergreen and deciduous species. Some species showed an almost complete dependence on N remobilization for their growth (e.g., deciduous Quercus robur; Table 2 ), while others showed a wide range of PN REM (e.g., deciduous Quercus pyrenaica and evergreen Picea marianan or Prumnopitys ferruginea; Table 2 ). In the majority of studies, a variation in PN REM for an individual species was measured after a manipulation of the N supply, with PN REM being greater under low N than for well-fertilized plants, emphasizing the importance of N storage for tree growth in N-limited systems. However, other factors also caused variations in PN REM , including variable weather between years, defoliation and competition with herbaceous species. Given that the oldest trees studied in Table 2 were only 9 years old, the synthesis shows that N remobilization is quantitatively important for the growth of young trees and is a process which is greatly influenced by a wide range of environmental parameters.
It is well established that remobilization becomes quantitatively more significant as trees grow (Miller and Miller 1987) because, as they develop, the rate of N uptake slows, while their potential storage capacity for N increases (Miller 1986) . Quantification of N remobilization from isotopic studies with small trees will not, therefore, necessarily scale to larger trees growing in soil. In addition, all of the studies reported in Table 2 have only considered uptake of mineral N by tree roots while, as discussed above, in many systems, uptake of organic N might predominate. There is, therefore, a pressing need to develop robust and accurate methods for measuring N remobilization in larger trees growing in soil with a full mycorrhizal community on their roots.
Measuring PN REM in a mature tree is difficult. Two basic approaches have been used to date: first, constructing tree N budgets from sequential sampling or, second, using 15 N to quantify N uptake within a season and calculating PN REM by difference. N budgets constructed for larger trees growing in soil are often imprecise. For example, several have attempted to quantify remobilization by measuring N withdrawal from senescing leaves (e.g., Côté and Camiré 1987, Helmisaari 1992) , without accounting for N uptake in the autumn contributing directly to storage, which has been shown to occur in a range of species (e.g., Thomson 1989, Millard and Proe 1991) . Other studies have calculated the net loss from older tissues (e.g., Nambiar and Fife 1987, Lal et al. 2001) , although the timing of sampling can be critical to be able to measure the outcome of physiological processes such as remobilization, which can occur over a relatively short time period. Because N budget studies only measure the result of net fluxes, they can also underestimate PN REM (Proe et al. 2000) . Even if 15 N labelling is used, budget studies in the field are difficult to interpret because of the impossibility of uniformly labelling all the soil N pools (including organic N pools) and the incomplete recovery of tree roots (estimated as being <65% of root mass; e.g., Le Goff and Ottorini 2001) .
An alternative approach to measuring N remobilization by trees has been to consider the flux of N in the xylem during bud burst and leaf growth. In evergreen trees, N is often stored in the leaves during winter (Table 2) . During spring remobilization, N is translocated from old to new leaves. However, this translocation is likely to be restricted to short pathways, the N demand of newly grown leaves being met by translocation from old leaves nearby. In contrast, deciduous trees store N during the winter in their roots and trunk (Table 2) . Hence, in the spring, remobilized N is offloaded in the xylem and can be translocated over the entire height of the tree.
The predominant amino compounds translocated in the xylem sap of trees are the amides glutamine and asparagine, with arginine, citrulline and glutamic acid also found in some species (reviewed by Pfautsch et al. 2009 ). Several studies of temperate trees have measured a sharp peak in the concentration of N in the xylem sap during bud burst, which was attributed to N remobilization (e.g., Glavac and Jochheim 1993, Schneider et al. 1994) . In tropical forests, seasonal differences between amides or arginine as the main N compound in xylem sap was interpreted as a switch between root uptake of N in the wet season and N remobilization in the dry season (Schmidt and Stewart 1998) . Use of 15 N tracers to label N storage pools in young, temperate trees has confirmed that remobilization in the spring coincides with peaks in xylem sap amino acid concentrations. Specific amino acids and amides translocated due to remobilization have been identified by their 15 N-labelling pattern, as summarized in Table 3 . Subsequently, the flux of remobilized N in the xylem has been calculated by measuring sap flux and the concentration of amino acids translocated during remobilization. This new approach to quantifying remobilization gave good agreement with quantification using 15 N and destructive harvesting for young P. avium and Jugulans nigra × regia Grassi et al. 2002 Gln, Asn Millard et al. 2006 grown in sand culture (Grassi et al. 2002 , Frak et al. 2002 and young M. domestica grown in soil (Guak et al. 2003) .
The potential for the technique was also demonstrated in larger, mature trees by Millard et al. (2006) who demonstrated using 15 N that similar patterns of glutamine translocation as a consequence of spring remobilization of N occurred in P. avium and P. trichocharpa × balsamifera. Subsequently, Pfautsch et al. (2009) successfully used this approach to quantify the annual N flux in the xylem of Eucalyptus regnans. This opens the intriguing possibility of being able to quantify N remobilization by large, deciduous trees growing in the field accurately for the first time, without the need for destructive harvesting or the use of 15 N tracers.
Future research
Much of the literature on tree physiology is still based on a Ccentric view of the world. We have questioned the relevance of such a view to understanding the functioning of trees, based on the fact that tree growth is seldom, if ever, limited by the availability of C. In order to be able to assess the C status of a tree, further research is certainly needed to be able to measure the proportion of NSC pools in a tree that are stored as opposed to sequestered. However, as trees are replete with C, their C status is not the most important aspect of their physiology to understand. In contrast, there is a growing body of evidence for the importance of N storage and remobilization for tree growth, while our knowledge of P dynamics in trees is still only rudimentary. As the majority of the quantitative studies of N storage and remobilization have, by necessity, used young trees growing in artificial conditions, there is now a need to describe and quantify these processes for adult trees in situ where most root N uptake might occur via ectomycorrhizal partners. Such an approach now appears potentially feasible for deciduous trees through quantification of the flux of remobilized N in their xylem. This opens new possibilities for studying interactions between N and C allocation in trees and associated mycorrhizal partners, which are likely to be crucial in regulating the response of trees to many aspects of global environmental change. As an example, one of the key questions that physiologists face is how will forests respond to rapidly changing weather patterns and atmospheric carbon dioxide levels? It is now clear from a wide body of literature that the capacity of forests to grow and adsorb extra C in response to increasing atmospheric carbon dioxide concentrations will likely be regulated by ecosystem nutrient cycling, particularly of N (e.g., Johnson 2006) . While there are thousands of studies that have quantified changes in the C physiology of trees in response to elevated atmospheric CO 2 (including many reviews), there are only scores that have dealt with forest ecosystem nutrient cycling and only a handful that have addressed N storage and remobilization within the trees themselves, all of these in young seedlings (e.g., Temperton et al. 2003 , Dyckmans and Flessa 2005 , Vizoso et al. 2008 .
Given that N cycling is likely to ultimately regulate ecosystem scale responses, this is potentially a major gap in our understanding of how trees respond to elevated CO 2 .
